We conducted a meta-analysis to assess the performance of PCR for the diagnosis of smear-negative pulmonary tuberculosis (SPT) and to identify factors that account for differences in the diagnostic accuracy of different studies. Studies published before February 2002 were included if sensitivity and specificity of PCR in smear-negative respiratory or gastric-aspirate specimens could be calculated. Analysis was conducted by using summary receiver operating characteristics models. Sensitivity and specificity ranged from 9 to 100% and from 25 to 100%, respectively. Fewer than 40% of the 50 studies reported results by number of patients, reported clinical characteristics of patients, or used as a reference standard combined culture and clinical criteria. Studies that included bronchial specimens showed higher accuracy than studies that evaluated only sputum specimens or included gastric aspirates. Studies that did not report that tests were applied blindly showed higher accuracy than those reporting blind testing. Increased sensitivity due to the use of DNA purification methods was associated with decreased specificity. Studies published after 1995, using Amplicor or dUTP-UNG, were associated with an increase in specificity at the expense of lower sensitivity. We concluded that PCR is not consistently accurate enough to be routinely recommended for the diagnosis of SPT. However, PCR of bronchial specimens could be useful in highly suspicious SPT cases. Studies not reporting blind testing are likely to overestimate accuracy of PCR. Future evaluation of PCR accuracy should be conducted by patient and type of respiratory specimen, blindly, by using a reference standard that combines culture and clinical criteria and addresses the issue of how patient characteristics affect PCR accuracy.
Tuberculosis remains an important public health problem worldwide, accounting for ca. 8.0 million new cases per year (25) . Smear-negative cases pose an important public health hazard and burden, accounting for as much as 17% of Mycobacterium tuberculosis transmission (11) . Some patients convert to smear positivity, leading to a more severe morbidity (20) . Approximately 20 to 50% of patients with pulmonary tuberculosis are smear negative, and 10% of these patients are culture negative (6, 25) .
PCR reduces the time required for the identification of the Mycobacterium and may enhance the detection of smear-negative pulmonary tuberculosis (SPT) cases. However, qualitative reviews (4, 23, 27, 30, 64) and interlaboratory studies (46, 47) have pointed out the low sensitivity of PCR for the diagnosis of SPT and the significant variability in sensitivity and specificity in different studies. Proposed explanations for these findings have included differences in decontamination procedures (47) , cross contamination (46) , inhibition (27) , sampling error (27) , quality of the reference standard (27) , and mixture of respiratory and other specimens (30) .
Although numerous studies have contributed to our understanding of PCR performance for the diagnosis of pulmonary tuberculosis, no quantitative review has assessed its overall performance in smear-negative cases and the sources of the marked variability between studies. A meta-analytic approach is ideal for addressing these issues (31) and will contribute to the understanding of the clinical role of PCR for the diagnosis of SPT.
Therefore, the main goals of our meta-analysis were (i) to summarize diagnostic accuracy of PCR for the diagnosis of SPT in order to make recommendations for its clinical utility, (ii) to identify factors that account for differences in diagnostic accuracy of PCR, and (iii) to describe study design characteristics that should be emphasized in future studies of PCR for the diagnosis of tuberculosis (TB). a third investigator. We abstracted 28 variables to assess study quality and determinants of PCR performance that could account for differences between studies (Table 1) . We did not develop a quality score because study characteristics may affect accuracy in different directions.
Statistical methods. From each study, sensitivity and specificity of PCR for the detection of M. tuberculosis were calculated on the basis of the study reference standard(s) (culture alone or a combined reference standard including culture and either clinical diagnosis or transbronchial biopsy or lung biopsy). Sensitivity and specificity reported after discrepant analysis were excluded because discrepant analysis violates the basic principle of independence for diagnostic test evaluation and, on average, overestimates the test performance (29, 40) . When possible, sensitivity and specificity were computed on the basis of both the number of specimens and the number of patients. The 95% confidence intervals of sensitivity and specificity were computed by using StatXact v3.0 (StatXact-3 for Windows: Software for Exact Nonparametric Inference; Cytel Software Corp., Cambridge, Mass.).
Two methods were used to summarize and compare the diagnostic accuracy of the studies.
(i) Summary estimates of sensitivity and specificity. We computed overall pooled estimates of the sensitivity and specificity and by strata of potential determinants of PCR performance. In addition, we computed the Cochran's Q test of homogeneity (Stata Statistical Software, release 7.0; Stata Corp., College Station, Tex.) to assess differences in sensitivity and specificity between studies.
(ii) ROC curve analysis. Since pooled estimates of sensitivity and specificity ignore their common threshold, we conducted receiver operating characteristic (ROC) curve analyses. Initially, differences of PCR accuracy between studies were evaluated graphically by plotting sensitivity against (1 Ϫ specificity) estimates in the ROC space. Subsequently, we assessed the overall performance of PCR by using summary ROC (SROC) curves (43) (Appendix). These curves are used to summarize the results of the studies and are characterized by the maximum common value for sensitivity and specificity.
In the SROC model, the diagnostic odds ratio (DOR) is a summary measure of PCR diagnostic accuracy (31) . The DOR corresponds to the odds of a positive PCR result in persons with SPT relative to the odds of a positive PCR result in patients without active TB. High values of sensitivity and specificity will lead to a high DOR. The parameter "S" represents the variation of DOR between studies due to different thresholds. A negative S value indicates that the threshold used decreases sensitivity and increases specificity, while a positive S value indicates that the threshold used increases sensitivity and decreases specificity.
To identify factors that explain differences in PCR diagnostic accuracy between studies, we added each covariate to an SROC model. The parameters of these covariates are ratios of DORs (RDORs) that quantify the relative diagnostic accuracy of each stratum. For example, when a type of specimen is evaluated, the RDOR is the ratio of the DOR of studies that included bronchial specimens to the DOR of studies that evaluated only sputum specimens. An RDOR of Ͼ1.0 indicates that studies that included bronchial specimens were more accurate than those that analyzed only sputum. Statistical analyses were conducted by using Stata version 7.0 software (Stata Statistical Software).
RESULTS
Identified studies. Our literature search identified 1,228 reports. After our screening, 45 reports met the inclusion criteria and were selected for further review (4 abstracts and 41 published articles) ( (30) a From 45 published articles (5 studies that evaluated two different target genes were analyzed independently, yielding 50 studies for the analysis).
b The clinical characteristics included severity of the diseased (e.g., radiographic signs, clinical symptoms), current treatment, or response to treatment of all the patients in this group.
c The clinical characteristics included history of pulmonary tuberculosis, current treatment, or definitive diagnosis of all the patients in this group.
d Combined reference standard included culture and either clinical diagnosis or transbronchial biopsy or lung biopsy.
e Extraction method included description of lysis and/or DNA purification methods.
f Measures to prevent amplicon contamination included reporting the use of dUTP-UNG and/or description of different rooms where the PCR procedures took place. ods or PCR not done for the detection of M. tuberculosis (n ϭ 234).
Of the 45 included reports, 5 evaluated two different target genes (12, 19, 21, 65, 67) , so they were considered as 10 separate studies, providing a total of 50 studies. Exclusion of these five studies that included the same patient specimens but analyzed different target sequences did not significantly change the pooled estimates.
Assessment of quality criteria for reporting and research methods to evaluate PCR. None of the 50 studies met all of the 28 quality criteria for reporting and research methods to evaluate PCR as a diagnostic test (Table 1) . Fewer than 40% of the studies reported results by number of patients, clinical characteristics of the patients, blind testing, negative extraction controls, and analytic sensitivity and used as reference standard combined culture and clinical criteria. Only 24 (48%) of the studies reported sufficient data to compute sensitivity and specificity by the type of specimen. Four types of specimens were evaluated: sputum, bronchial specimens (bronchial washing and bronchoalveolar lavage), tracheal aspirates, and gastric aspirates.
DNA purification methods and use of dUTP-UNG for amplicon control were described or referenced in 15 and 35 studies, respectively. We assumed that if these methods were not described or referenced, DNA was not purified or dUTP-UNG for amplicon control was not used.
Forty-eight percent of the studies evaluated the automated PCR assay Amplicor (53) . A total of 70% of the studies included dUTP-UNG for amplicon control, and 72% of the studies detected the amplification product by hybridization procedures.
The variables that could be evaluated as determinants of PCR accuracy were as follows: type of study design, year of publication, country where the study was conducted, tests reported to be applied blindly, type of specimen, type of reference standard, smear-staining method, culture technique, purification method, target sequence, use of dUTP-UNG, use of negative extraction controls, use of controls to monitor PCR inhibition, and PCR product detection method. Due to the small numbers within numerous categories, the decontamination procedures, lysis methods, type of primers, annealing temperature, and number of cycles could not be evaluated. Likewise, denaturation temperature, primer extension temperature, and type of PCR were insufficiently variable to examine further.
Sensitivity and specificity of PCR. Overall, the sensitivity and specificity of PCR were highly variable and imprecise (Fig.   FIG. 1 . Point estimates and 95% confidence intervals of sensitivity and specificity of PCR for detection of M. tuberculosis in smear-negative respiratory and gastric specimens. Specimen studies included studies in which respiratory specimens (sputum, tracheal aspirates, bronchial washings, and bronchoalveolar lavage) were the unit of analysis. Patient studies included studies in which the patients, whose respiratory specimens were evaluated, were the unit of analysis. Gastric studies included studies in which gastric aspirates or respiratory specimens plus gastric aspirates were evaluated. The number of studies totals 51 because 1 study reported results by both gastric aspirates and respiratory specimens. The numbers in parentheses correspond to study references. 1). Compared to the specificity, sensitivities were more variable and lower. In 76% of the studies, sensitivities were lower than 90%, while in only 15% of the studies were the specificities lower than 90%. More than 81% of the accuracy estimates were located in the upper left quadrant of the ROC space. Only one study had a sensitivity and a specificity greater than 90% (Fig. 2) .
Diagnostic accuracy of PCR by type of specimen. Studies that included gastric aspirates had lower diagnostic accuracy than those that included respiratory specimens (gastric pooled sensitivity [50%] and specificity [86%]; respiratory specimen sensitivity [72%] and specificity [96%]; sputum only RDOR relative to gastric aspirates [3.7; P ϭ 0.07] and bronchial/sputum-specimens RDOR relative to gastric aspirates [7.1; P ϭ 0.01]). Studies that in addition to sputum included bronchial specimens showed significantly better performance than studies that included only sputum (bronchial-specimen maximum joint sensitivity and specificity value [89%] versus the sputum specimen maximum joint sensitivity and specificity value [75%]) ( Fig. 2 and Table 2 ).
Effects of study design characteristics and reference standard. Diagnostic accuracy of PCR was higher among studies that did not report blind testing compared to studies that reported blind testing (Table 2) . Blind testing was a strong confounder; therefore, all of the models were adjusted for it.
We hypothesized that diagnostic accuracy of PCR would appear greater if PCR was compared to a less sensitive reference standard. In fact, in studies that used a less sensitive culture method, only the use of solid media was more sensitive than studies that used both solid and liquid media. No differences in diagnostic accuracy were found when combinations of reference standard were compared to culture alone.
Effects of PCR characteristics. Studies that purified DNA were more sensitive than those that did not (Table 2) . However, this increase was associated with a significant and positive shift in threshold (S) (P ϭ 0.04), indicating that the improved sensitivity was at the expense of reduced specificity.
Studies that were published after 1995 that used Amplicor, and noncommercial PCRs that used dUTP-UNG were associated with a negative shift in threshold, suggesting that specificity increased at the expense of a reduction in sensitivity (P values for year of publication, target sequence, and use of dUTP-UNG were 0.09, 0.01, and 0.002, respectively).
SROC models among studies analyzed by specimens. In the 29 studies with results only by specimens and that included only respiratory specimens, we assessed the effects of all of the variables presented in Table 2 , except for the type of study and "gold standard," because few studies were conducted prospectively or used a combined reference standard. Most of these factors followed similar patterns, as in studies analyzed by the number of patients (data not shown). Blind testing and type of specimen were associated with an increase in diagnostic accuracy. Furthermore, studies that used chemiluminescence or radioactive methods were more accurate than those using colorimetric methods or gel electrophoresis.
Effect of unit of analysis. To examine the effect of unit of analysis, we compared the six studies that reported their results by both number of patients and number of specimens (3, 18, a Included 16 studies analyzed by number of patients that analyzed only respiratory specimens. Studies that included gastric aspirates were excluded. b Pooled estimates of sensitivity (SES) and specificity (SP) obtained by using random-effects models. c Pooled estimates of DOR and 95% confidence intervals (95% CI) by using random-effects models. d P value of the test of homogeneity of the studies' DORs. e RDOR and 95% confidence intervals (95% CI) obtained by using random-effects models. Models are adjusted by threshold (S) and report of blind testing. f Threshhold (S). g "Other" included studies that reported results without discriminating by type of respiratory specimen (sputum, tracheal aspirates, bronchial washings, and bronchoalveolar lavage).
h Combined reference standards included culture and either clinical diagnosis or transbronchial biopsy or lung biopsy. i In four studies the smear staining method was not reported. This model is not adjusted for blind testing due to the small sample size. ZN, Ziehl-Neelsen; "other" includes fluorescence microscopy.
j In five studies the type of culture was not reported; this model is not adjusted for blind testing due to the small sample size. k In two studies purification was done on selected specimens that contained inhibitors and were excluded. l "Other" target sequences included 38Kda, PPH 7301 clone, MPB 70, MPB 64, IS986, and IS6110/PAB. m Inhibitors could be assessed by using a positive inhibitor controls that were internal, concurrent, or in parallel. 38, 44, 51, 52) . Sensitivity tended to be higher when the results were analyzed by patient (pooled sensitivity, 72%; specificity, 88%; DOR, 26.1) compared to analysis by specimen (pooled sensitivity, 59%; specificity, 88%; DOR, 18.0) but was not statistically significant (P ϭ 0.27) Comparison between culture and PCR. The sensitivity and specificity of PCR and culture could be validly compared only in the four studies that used a combined reference standard and reported their results by number of patients (3, 18, 38, 52) . For PCR, sensitivity ranged from 32 to 92% and specificity ranged from 93 to 100%. The sensitivity of culture ranged from 43 to 72%, and the specificity was uniformly 100%. The pooled estimates of sensitivity for culture (51.4%) and PCR (59.8%) did not differ significantly.
DISCUSSION
This meta-analysis summarized the accuracy of PCR for the diagnosis of SPT from 50 studies and described the effects of study design and PCR characteristics on diagnostic accuracy for the first time. Sensitivity estimates were more variable and frequently lower than the specificity. Differences in diagnostic accuracy between studies were best explained by the type of specimen and report of blind testing. The greatest diagnostic accuracy was found among studies that included bronchial specimens, whereas the lowest accuracy was found when specimens that included gastric aspirates were evaluated. Reporting blind testing was associated with less accuracy. DNA purification was associated with greater sensitivity at the expense of lower specificity. Studies conducted after 1995 that used Amplicor or that used dUTP-UNG in noncommercial kits had greater specificity but less sensitivity.
Differences in diagnostic accuracy were explained in large part by the type of specimen. This finding supports previous recommendations to use bronchial specimens in suspected cases of SPT (36) . Because many of the studies that included bronchial specimens also evaluated sputum specimens, the difference between these studies and those that assessed only sputum specimens was probably underestimated.
Purification of DNA prior to amplification has the potential of eliminating inhibitors and concentrating scarce primer targets in the sample and therefore has been utilized to increase PCR sensitivity (16) . Our findings supported this potential but also demonstrated a concerning trade-off of lower specificity. It is likely that the increased sample manipulation that occurred during DNA extraction resulted in amplicon contamination or cross-contamination between specimens with M. tuberculosis. Such potential for contamination should be monitored with negative extraction controls (whose sputa are known not to contain M. tuberculosis), and laboratories that purify sample DNA should take extra precautions to prevent amplicon contamination.
Studies that failed to report blind testing were likely to overestimate accuracy, particularly sensitivity, thus underscoring the need to improve quality of design and reporting. This interpretation is in accord with those of other meta-analyses (26, 37) and blinded multicenter studies. However, blind testing could simply have been a marker of study design quality. In fact, in our analysis, report of blind testing was strongly correlated with the study being conducted prospectively (r ϭ 0.77).
The reference standard to evaluate PCR performance for pulmonary TB is imperfect. Although culture is known to have low sensitivity in SPT cases (48) , it was the only reference standard in 35 of the 50 studies. Because we found that the culture media affected the estimates of PCR accuracy, these estimates should be generalized only to settings when similar media are used. Furthermore, the large variation in reference standard criteria could explain why no differences in accuracy were found when combined reference standards were compared to culture alone. Therefore, we recommend explicitly describing the reference standard.
To best predict the clinical utility of PCR, results should be reported by patients providing detailed information about current treatment, clinical and radiological evidence of TB, and prevalence of TB in their settings. Our finding of a trend of higher diagnostic accuracy when PCR was reported by the number of patients compared to by the number of specimens agrees with the findings of previous studies (19, 50) and indicates that, for SPT, sensitivity will increase if multiple specimens per patient are evaluated because not all of the samples contained a detectable amount of DNA.
As in any meta-analysis, our analysis could be influenced by publication bias (10) . The test for publication bias suggested a bias toward publishing studies with high specificity estimates (studies including bronchial specimens [P value for sensitivity of 0.25, P value for specificity of 0.10, and P value for DOR of 0.01] versus the respective P values for sputum [i.e., 0.35, 0.04, and 0.55]).
On the basis of our findings and clinical considerations, we do not recommend that PCR replace culture nor that it be used routinely for the diagnosis of SPT. However, PCR of bronchial specimens could be useful in cases in which there is a high suspicion of TB on the basis of clinical and radiological findings. For example, if the pretest probability of TB was 50%, based on average pooled estimates for studies including bronchial specimens (sensitivity, 76%; specificity, 97%) (Table 2) , the average positive predictive value of PCR would be 96%. Hence, a positive PCR would provide enough certainty to initiate treatment and reduce the need for further diagnostic evaluations. However, a negative PCR would provide less clinical certainty because the negative predictive value would be only 80%. Due to the high variability in diagnostic performance of PCR, clinicians who chose to use PCR for the diagnosis of SPT should be aware of the PCR technique and its sensitivity and specificity in their clinical laboratories.
Although PCR is a promising diagnostic test, more rigorous studies are required to better define its role in the diagnosis of SPT clinical practice. Future studies of PCR performance should report the number of patients and type of respiratory specimen, tests should be applied blindly, and should use as a reference standard a combination of culture and clinical diagnosis. The question of which SPT cases are best diagnosed with PCR should be addressed further by reporting PCR accuracy by clinical characteristics.
APPENDIX
Summary receiver operating characteristic models. The method used to construct the SROC curve (39, 43) estimates the parameters of the curve by using an weighted linear regression model of the form: D ϭ A ϩ ␤S ϩ E, where D (dependent variable) represents the logarithm of the DOR computed for each study (37) . The "A" (intercept) represents the common DOR of the corresponding test (the higher the intercept, the closer the curve will be to the upper left hand corner) and "S" [independent variable: logit(TPR) ϩ logit(FPR)] represents the variation of DOR between studies due to different thresholds. The SROC model takes into consideration possible heterogeneity of study results attributed to different thresholds. To assess the effect of study and PCR characteristics on the threshold, we compared the means of S for categories of each characteristic.
To explore sources of heterogeneity, other than the threshold, between studies, we included covariates in the SROC model. The fit of the model was evaluated by computing the residual sum of square (57) . If the model was insufficient to account for the observed heterogeneity, we used the random-effects model (14) . Due to a poor fit, the models presented in these analyses are random-effects models.
